-INTRODUCTION
A combined experimental and computer simulation approach is used to study solute-atom segregation at individual grain boundaries (GB's) in fcc and bcc metallic alloys that are in a primary solid-solution phase field. The goal of this research is to discover the relationships between GB structure and chemical composition. GB's can be treated using classical thermodynamics, where the thermodynamic state of a GB depends on the standard variables plus the geometric variables required to describe the interface between two grains [l-31. The state of knowledge of phase equilibria and phase transitions at internal interfaces 14-61 lags far behind our knowledge of similar phenomena at the surfaces of crystals [7] . The two principal experimental tools we utilize are transmission electron microscopy ( E M ) and atom-probe field-ion microscopy (APFIM). In parallel with the experimental work on fcc alloys we perform Monte Carlo simulations of the GB's analyzed by TEM and APFIM. In addition, we are systematically performing Monte Carlo simulations of solute-atom segregation at GB's in model bicrystals of fcc alloys, for which reliable embedded atom method (EAM) potentials are available [g-121. is systematically backpolished to move the selected GB into the volume of the tip 113-161.
-Transmission Electron Microscopy: Grain Boundary Crystallography
A crystallographic analysis of a GB is performed to determine the five macroscopic degrees of freedom which are required to define it [17, 18] . These degrees of freedom are specified by the unit vector (c) about which one grain is rotated with respect to a second, the rotation angle (8) about c , and the outward unit normal (n) to the plane of the GB. This crystallographic information is obtained using Kikuchi patterns of adjacent grains at the same tilt angle; the procedure is repeated for several different tilt angles. The Kikuchi patterns are then matched with computer simulated Kikuchi patterns to determine the directions of the electron beam. The value of 8 of a GB is determined from the known beam directions. Four Kikuchi patterns, two for each grain, are required to determine c and 0; in practice, however, three sets of Kikuchi patterns are used to check for self consistency. The beam direction and tilt axis are used as invariant directions to calculate c and 8. The total angular spread in c or 8 is less than 0.5". The vector n is determined by rotating and tilting the specimen until a minimum in the projected width of a GB is achieved; bright-field images and Kikuchi patterns are then recorded and analyzed to calculate n.
The quantities n l and n2 are the outward unit normals to a GB plane in grains 1 and 2 (G1 and G2); they are related to one another via the rotation matrix R, i.e., they are related by the equation:
In principle, once n l and R are determined experimentally n2 is calculated employing Eq. (1). In practice n2 is also determined expenmentally and it is compared with the calculated value. The discrepancy between the two values of n2 is within 2", and in most cases less than 1". The 24 symmetry operations are considered and the R associated with smallest value of 8 is chosen for the coincidence site lattice (CSL) calculation 1191.
-Chemical Analysis of a Grain Boundary on a n Atomic Scale
There are two basic well-defined geometries for determining the composition of a GB by the APFIM technique. In the first geometry the GB is aligned such that its interface plane is parallel to the plane of the image intensification system --see Fig. l(a) . And therefore one determines a concentration profile that is normal to the interface plane; for this geometry there is no correction to the data. Also in this case the analysis is performed with the probe hole covering as much of the interface as is possible to maximize the signal. The second method involves aligning the plane of the GB as parallel as is possible to the axis of an APFIM. The trace of the GB is thereby centered in the projection of the probe hole on the surface of an FIM tip --see Fig. l(b) . In this second orientation -- Fig. l(b) --atoms from the GB, as well as the matrix, are collected and analyzed; thus the integral profiles must be corrected for the contribution of the matrix; NB., this correction is purely a geometric one. The equation governing an assumed linear solute-atom segregation profile is [20] :
where &,gb>* is the maximum concentration of solute at the GB; &,gb>, is the uncorrected mean value of the GB concentration --i.e., the measured value; <Cs> is the mean solute concentration of the matrix; D, is the projected diameter of the probe hole; and 71 is the half-width of the linear distribution, measured at the point where the linear concentration profile intersects the constant <C,>. The value of D, is measured from FIM images that show the projection of the probe hole on the tip of the specimen 1201. The value of 71 can be determined directly from the first geometry [ Fig. l(a) ], or obtained indirectly by measuring <~~g~>~ at two different values of D, and solving Eq. (2) for q and <csgb>*. If the value of q is unknown then we simply use the magnitude of the Burgers vector of the primary grain boundary dislocations (PGBD's) that comprise the interface; this is a reasonable assumption, as the solute atoms segregate mainly to the cores of these dislocations; the latter has been shown to the case for [l001 twist or tilt GB's via Monte Carlo simulations [21, 22] .
-SOLUTE-ATOM SEGREGATION AT GRAIN BOUNDARIES IN A W-25 At.% Re

ALLOY
A study of Re segregation at GB's in a W-25 at.% Re alloy is presented. A specimen of this alloy was annealed under flowing Ar gas at 1913 K for 5 h to induce solute-atom segregation; at 1913 K this alloy is in the primary solid-solution phase field. Direct evidence is presented for pure two-dimensional segregation at a GB. (GB) by the APFIM technique. The distance between the Chevron detector and the tip is =2.2 m, while the distance from the tip to the image intensification system is variable and is typically 4 cm. The diameter of the region probed is D, and is a variable quantity that depends on the local radius of tip, and the distance from this region to the image intensification system. (a) The GB is parallel to the plane of the probe hole. In this arrangement the soluteatom concenaation profile parallel to the GB is determined with a spatial resolution equal to the interplanar spacing of the region being probed. (b) The GB is parallel to the long axis of the time-of-flight tube of the APFIM. In this arrangement the composition measured must be corrected for the mamx contribution to the atoms detected.
-Grain Boundary Crystallography
Towards understanding the relationships between GB structure and the composition of GB's in this alloy, we have determined as completely as possible the crystallography of GB's and then performed APFIM analyses of these interfaces; Table 1 lists three GB's for which both analyses have been performed. Figure 2 (a) exhibits an electron micrograph of an FIM tip containing a GB whose boundary plane is almost perpendicular to the [l 101 axis of the tip. An FIM image of the same GB is shown in Fig. 20) ; the black arrowheads on the periphery of the micrograph indicate the intersection of this GB with the surface of the FIM tip. Note that the trace of the intersection is almost a perfect circle. The misorientation of grain 1 (Gl) with respect to grain 2 (G2) is 88. directions respectively; the <156> direction is the nearest rational direction to n. The angle between c and n is =10.5", therefore it is almost apure twist boundary with a small tilt component. Table 1 
-Grain Boundary Composition via Atom-Probe Field-Ion Microscopy
An APFIM analysis of the GB in specimen A was made using the geometry shown in the inset of increase from <CRe> = 29.2k6.7 to 73.8k10.7 at.% Re in one interplanar spacing and then to decrease to 23.1k6.0 at.% Re in one interplanar spacing; note carefully the planes numbered 9, 10 and l l l ; the value of <CRe> is 25.2k1.14 at.% Re averaged over 29 planes --excluding the interface plane. This result demonstrates that for this alloy and this GB the Re segregation is localized at atomic plane, and the Re concentration in the planes that adjoin this interface plane are at the matrix concentration. This result implies an average segregation enhancement factor (S,,,) of 2.9; Saver = (average solute concentration at a GB)/<Cs>. This result represents direct evidence for pure two-dimensional segregation; for this geometry m corrections of the experimental data are required. Table 1 : Results for grain boundaries in a W-25 at.% Re specimens which had been analyzed-both crystallographically and by the APFIM technique. The annealing temperature was 1913 K for 5 hours. 
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2~h e uncertainties in concentration values are equal to ~N~E N~, where Ni is the number of events of element i.
Specimens B and C were analyzed employing the geometry illustrated in Fig. l(b) . The GB in specimen B was analyzed with D, = 5.9 nm, as determined from FIM micrographs, and <~~~g~>~ = 29.35k1.7 at.% Re.
For q equal to ad312 --the magnitude of the Burgers of the PGBD's --the value of <cRegb>* is =78.5 at.% Re, and this implies an Save, of ~3 . 5 . T h e 2 B in specimen C was analyzed with D, = 5.8 nm, the value of <cSgb>, is 29.5k1.26 at.% Re and <CRegb> = 76.8 at.% Re; the correction was made for = ad312. And Save, is =3.3.
-Conclusions
From the results listed in Table 1 and the points made above it is clear that all three GBs have a Re concentration which is =75 at.%. The W-Re phase diagram shows that at 1913 K a 25 at.% Re alloy is in the single phase primary solid-solution region; this is corroborated by our lack of observation of precipitates in the grains, by either the TEM or M F I M techniques. The phase diagram also shows that the concentration 75 at.% Re corresponds to the so-called X phase. The fact that the three GB's studied have different dislocation structures and that their composition is =75 at.% Re, within experimental error, indicates that these GB's are saturated at this concentration. And the results of Fig. 3 demonstrate that the Re segregation is purely two-dimensional. This two-dimensional phase may be ordered; no direct evidence, however, e.g., electron diffraction patterns, exists to substantiate this conjecture. Thus we have obtained direct evidence for two-dimensional Re segregation at a GB that is near to a Z = 17 CSL orientation.
NUMBER OF ATOMIC LAYERS 100:
. . 9 r , . Fig. 3 -The Re concentration profile parallel to the plane of interface of the GB shown in Fig. 2 ; the geometry used is illustrated in the inset on the right-hand side of the figure. Each data point corresponds to the Re concentration in a single plane that is parallel to the interface. Note carefully that the concentration changes from the value <CRp.> = 25.2 at.% Re in one interplanar spacing, and then falls to this value in one interplanar spacing.
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---This figure represents direct proof of pure two-dimensional Re segregation at this GB.
-SOLUTE-ATOM SEGREGATION AT GRAIN BOUNDARIES IN A Pt-3 At.% Ni ALLOY
An individual GB in a Pt-3 at.% Ni alloy has been analyzed by three different techniques; TEM, APFIM, and Monte Carlo computer simulations. This is the first time that all three techniques have been applied to a single GB. The TEM results demonstrate that this GB is near to a C = 5 CSL orientation with a (202) interface plane, and that it experienced appreciable Ni segregation. The MC simulations show that the Ni concentration profile is asymmetric; in one grain it decreases monotonically to 3 at.% Ni, whereas in the other grain it undergees a strong oscillatory behavior before becoming constant at <CNi> = 3 at.% Ni.
Pt-3 at.% Ni wire specimens with a 0.15 mm diameter were sealed in a quartz capsule at 600 ton Ar, after the capsule had been flushed several times with argon. The encapsulated specimens were heat treated at 850 K for 24 h to induce solute-atom segregation at GBs, and then quenched into a saturated brine solution at 273 K.
-Grain Boundary Crystallography
A TEM micrograph of a GB in this Pt-3 at.% Ni alloy is shown in Fig. 4(a) ; the position of the GB is indicated by mows and the two grains separated by this interface are denoted G1 and G2.. The experimentally determined R for this GB is: = 36.87"; thus the GB described by the above R and n l is very close to an exact Z = 5 orientation. The deviation angle (A8) from exact coincidence is A9 = 0.4", and the plane of the GB is very close to a (202) plane. The calculated angle between n and c is -45"; thus it has a mixed tilt-twist character --it is approximately half-way between a pure tilt and pure twist GB.
Grain Boundary Composition via Atom-Probe Field-Ion Microscopy
The GB exhibited in Fig. 4 was next analyzed by the APFIM technique. First, the tip was irnaged at 40 K employing a mixture of ~2 0 % Ne and 80% He at a total gauge pressure of 6.7-10-~ Pa. Then this GB was located by searching for a discontinuity in an individual pole and/or breaking of the symmetry of the FIM image; the FIM image of the GB seen in Fig. 4(a) is exhibited in Fig. 4(b) and is delineated by white arrows. This GB was analyzed using the geometry illustrated in Fig. l(b) , employing a pulse fraction voltage of 15%, a specimen temperature of 45 K, and a background vacuum of 6.7.10-~ Pa. The APFIM results on this GB are exhibited in Fig. 5 . The plots are all integral profiles; i.e., the cumulative number of nickel atoms, on the ordinate scale, versus the cumulative number of platinum plus nickel atoms on the abscissa scale. The smallest vertical or horizontal displacement represents an individual atom. Figure 5(a) is an integral profile of a calibration run recorded with the probe hole placed in the matrix far from the GB. A straight line is drawn from the origin through the last data point and this slope is equal to <CNi>; see the (liscussion of Eq. (1). The local fluctuations about this mean represent random solid-state fluctuations which are due to the size of the sample. For the data exhibited in Fig. 5(a) <CNi> is 2.9 + 0.2 at.% . Figure 5(b) is an integral profile recorded with the GB placed in the center of the probe hole. The mean slope of this integral profile is <~~~g~>~ = 8.9 + 1.4 at.% Ni; thus, the uncorrected Ni concentration of the GB is ~3 . 0 7 times greater than the Ni concentration of the mamx --this value represents a minimum value for S, , , , , as the measurement includes a contribution from the matrix. Figure 5 (c) is an integral profile taken with the d~-blaced at the periphery of the probe hole; the detected Ni concentration is 4.0 k 0.8 at.% Ni. The latter value, which is ~3 3 % greater than <CNi>, implies that the concentration profile associated with this GB is somewhat broadened; we can not, however, say anything more detailed about the exact shape of the Ni concentration profile from the integral profiles exhibited in Fig. 5 . And therefore we turn to Monte Carlo simulations. (C) An integral profile recorded with the GB at the periphery of the probe hole. The distance h is <l nm.
-Monte Carlo Computer Simulations of Solute-Atom Segregation
The Monte Carlo (MC) computer simulation technique was employed to simulate nickel segregation at the GB discussed above. The simulation was performed, at 850 K, for a Z = 5 CSL orientation with the (202) plane as the interface; this description is only slightly different from the actual crystallography. A bicrystal was constructed in the following way: G1 consists of 20 (202) planes with each plane containing 100 atoms; and G2 consists of 100 (10 -6 8) planes with each plane containing of 20 atoms; thus the bicrystal has 4000 atoms. Three-dimensional periodic boundary conditions were employed. EAM potentials were used for Pt and Ni [8-121; these semi-empirical potentials are known to be reliable for dilute fcc alloys. They have been used to study surface segregation [10] , segregation to an edge dislocation and a (002) twist boundary in a Ni-Cu alloy [21] , Au segregation to (002) twist boundaries in a Pt-l at.% Au alloy [22] , and solute-atom segregation to Z = 3 (1 12) twins in dilute Pt(Ni, Cu or Au) alloys [23].
During an MC simulation the total number of atoms and the chemical potential difference between the Pt and Ni atoms in the bicrystal is fixed, as well as the pressure and temperature. Four different steps [l01 are employed in these simulations: (i) individual atoms are displaced, (ii) the total volume of the bicrystal is changed; (iii) solvent and solute atoms are exchanged; and (iv) one grain is allowed to translate with respect to the other grain. With these steps the relaxation and thermal motion of atoms are included, as well as compositional variations between the bulk of the bicrystal and the interfacial region between the grains; also ~h i f t s~a r a l l e l to the GB plane are included. To decide whether or not a trial configuration is accepted the Metropolis er al. algorithm [24] is employed. The temperature is fixed at 850 K. After achieving an equilibrium state (~1.5-106 micro MC steps for the 4000 atoms) the number of solute atoms in each plane that is parallel to the GB, and their atomic are averaged over the next =(2 to 5).106 micro MC steps for the 4000 atoms.
The Ni concentration profile is exhibited in Fig. 6 ; the profile of the entire bicrystal is exhibited in Fig. 6(a) the profile repeats itself as a result of the periodic boundary conditions. Fig. 6(b) is a blow up of the region in the immediate vicinity of the interface; note carefully that there is not an atomic plane at the position denoted GB.
This profile shows that the Ni concentration at the (202) plane immediately to the right of the GB has a concentration of 25.1 at.% Ni, and that the Ni concentration falls to the mamx value in the second (202) plane --i.e., at 0.174 nm (1.74 A) from the interface plane. The (10 -6 8) plane immediately to the left of the interface plane has a concentration of 57.4 at. % Ni. Instead of the Ni concentration decreasing monotonically to the matrix value it oscillates for at least 15 (10 -6 8) planes ---0.416 nm --before reaching -3 at.% Ni. This oscillatory Ni concentration profile is a surprising feature of the segregation behavior at this GB. The other point of interest is that the concentration profile is asymmetric with respect to the interface plane; this asymmetry demonstrates that the structure of a GB affects its segregation behavior.
The above Monte Carlo results allow us to interpret the values measured experimentally (see Fig. 5 ). experimental values; this lends credence to the existence of oscillations in the Ni concentration profile observed in the MC simulations. An experimental test of this result is in progress; i.e., GBs normal to the axis of the specimen are being sought experimentally, so that we can measure the concentration profile employing the geometry of Fig. l(a) --this will allow us to observe these oscillations in direct lattice space. 
CASE I CASE I1
S -SUMMARY AND CONCLUSIONS
Transmission electron microscopy ( E M ) and atom-probe field-ion microscopy (APFTM) have been used in combination to study solute-atom segregation at individual grain boundaries (GB's) in binary bcc and fcc metallic alloys. TEM is used to determine the five degrees of freedom of a GB, and APFIM is employed to measure the chemical composition of the GB. Monte Carlo computer simulations are used to simulate solute-atom segregation at GB's in thefcc binary alloys, as the one studied experimentally.
A W-25 at.% Re specimen was annealed at 1913 K for 5 h to induce solute-atom segregation at GB's; this composition is in the primary solid-solution phase field. The GB studied in this specimen --see Fig and n is =10.5", therefore it is almost a pure twist boundary with a small tilt component. An APFIM measurement of the composition (see Fig. 3 ) of this GB, demonstrated that its concentration is purely two-dimensional --ail excess solute is restricted to a && plane at the interface between the two grains; and that its Re concentration is 73.8f 10.7 at.% Re compared to 25.2k1.14 at.% Re for the matrix concentration. This implies an average segregation factor (Sawr) of 2.9; Saver = (average concentration of solute at a GB)/(average solute concentration of the matrix). Two other GB's in this W(Re) were studied; the closest CSL orientations to these GB's are C = 3 and 33a. And the corresponding values of Saver are 3.4 and 3.3 respectively.
The above results for this W-25 at. Re alloy demonstrates that solute-atom segregation can occur to GB's that are close to CSL orientations. It is also noted that the Re concentrations observed at the GB's are all close to 75 at.% Re, and that this concentration is the same as that of the so-called three-dimensional X phase. Thus the two-dimensional phase observed at the GB's may be ordered; no direct evidence, however, e.g., electron diffraction patterns, exists to substantiate this conjecture.
We have also observed segregation of Re to a GB near a = 9 CSL orientation in a MO-5.4 at.% Re alloy and the value of Saver is 1. 75 [25] ; the phase diagram of the MO-Re system is very similar to that of W-Re. Thus segregation of Re to GB's with Z 43 appears to be a common phenomenon in ttese two binary systems.
A Pt-3 at.% Ni specimen was annealed at 850 K for 24 h to induce Ni segregation at the GB's. The GB studied in this specimen --see Fig coincidence is A0 = 0.4", and the plane of :he GB is ve,y cl>. -t -'702) plane. The calculated angle between n and c is -45"; thus it has a mixed tilt-twist character --it is approximately half-way between a pure tilt and pure twist GB. The uncorrected Ni concentration of this GB is 8.9k1.4 at.% Ni; thvs the value of S is ~3.07. The concentration with the GB at the periphery of the probe hole is 4 . M . 8 at.% Ni --see Fig. 5 ($. h i s implies that the concentration profile associated with this GB is somewhat broadened; we can not, however, say anything more detailed about the exact shape of the Ni concentration profile from the integral profiles exhibited in Fig. 5 .
The Monte Carlo computer simulation was employed to simulate nickel segregation at the GB exhibited in Fig. 4 . The simulation was performed, at 850 K, for a Z = 5 CSL orientation with the (202) plane as the interface; this description is only slightly different from the actual crystallography. A bicrystal consisting of 4000 atoms was employed. EAM potentials for Pt and Ni were used and three-dimensional periodic boundary conditions were invoked. The total number of atoms and chemical potential difference between the Pt and Ni atoms in the bicrystal is fixed, as well as the pressure and temperature.
The Ni concentration profile in the grain with the (202) planes parallel to the interface exhibits a monotonically decreasing profile that falls to the mamx value in 0.174 nm (1.74 A). While the Ni concentration profile in the grain with the (10 -6 8) planes parallel to the interface exhibits an oscillatory profile; the Ni concentration oscillates for at least 15 (10 -6 8) planes before reaching =3 at.% Ni; see Fig. 6 . This oscillatory Ni concentration profile is a surprising feature of the segregation behavior at this interface. The simulated profiles were employed to interpret the values measured experimentally. This was accomplished by using the simulated Ni concentration profiles to calculate the same quantities we measured in the situations presented in Fig The above results on an individual GB in a Pt-3 at.% Ni alloy represents the first time that a GB has been been analyzed by these three techniques --TEM, APFIM, and Monte Carlo computer simulations.
